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The spark to put together this volume on banded iron formation (BIF)-related high-grade iron ore was born in 2005 during a steamy night in Carajás where the iron research group from the Universidade Federal Minas Gerais, Vale geologists, Carlos Rosière and Steffen Hagemann, were hotly debating the hypogene alteration genesis for the high-grade, jaspilite-hosted Serra Norte iron ore deposits. A couple of caipirinhas later we decided that the time was opportune to put together a volume that captured the new and innovative research that was being conducted on BIF-related high-grade iron ores throughout the world. We had little problem convincing our South African colleagues Jens Gutzmer and Nic Beukes to join the effort and decided that the 2008 biannual Society of Economic Geologists' (SEG) meeting in South Africa would be the perfect place to present this project through a combined field trip and workshop near Sishen.
The enthusiastic support that we received from the research community, SEG, and industry to put this volume together was generated by the significant increase in exploration activity, and with it the need for more detailed information on what exactly controls the location of high-grade iron orebodies, and renewed research interest around the world in models for the genesis of BIF-related high-grade iron ore, and particularly the relative importance of hypogene and supergene processes in formation of high-grade ore.
This volume concentrates on new research on the characteristics and metallogenesis of BIF-related high-grade iron ores. It contains a state of the art series of papers on established and new iron ore districts and deposits, the different components of the BIF iron mineral system, and how to best explore for this ore type. Although the emphasis of many of the contributions to this volume is on the hypogene aspect of high-grade iron ore formation, it is important to note that most BIF-related iron ore districts have a very pronounced supergene overprint due to deep lateritic weathering. The transformation of many hypogene iron orebodies of reasonable grade and size to the giant deposits exploited today can be related to this geologically recent supergene overprint; most of the past and still much of the present mining of high-grade iron ore relates to soft ore interpreted in most cases to be the direct result of supergene processes. Also mentioned here should be the recent resurgence of a syngenetic model that advocates the formation of chert-free BIF during diagenetic processes (Lascelles, 2006a, b) . This work serves to illustrate that likely not all BIF-related iron deposits are structurally controlled and affected by hypogene fluids and alteration. BIF-related high-grade iron ore naturally covers only a part of the wide spectrum of iron ore deposit types. We appreciate that there are other significant types of iron ore deposits, including channel iron, laterite, iron skarns, magma-related iron, and Rapitan-type iron deposits, which are not the subject of this volume, not because of lack of interest but because of the need to focus the volume on the topic of BIF-related iron ore.
This volume is organized around four themes: (1) the origin of BIF, (2) aspects of the BIF mineral system-for example, fluid pathways and depositional sites, (3) iron districts or deposits, and (4) exploration advances. The volume contains 16 papers presented at a Society of Economic Geologistssponsored short course held July 2-4, 2008, at Red Sands near Kuruman, South Africa.
The first paper in this volume is by Beukes and Gutzmer (2008) , who examine the origin and paleoenvironmental significance of major iron formations at the Archean-Paleoproterozoic boundary. The authors provide the first detailed lithostratigraphic correlation between the voluminous iron formations of the Ghaap-Chuniespoort Group of the Transvaal Supergroup on the Kaapvaal craton and the time-equivalent Hamersley Group on the Pilbara craton. Advances in the understanding of sedimentary environments, geochemical processes, and biological systems that contributed to the deposition and diagenetic evolution of iron formations are critically reviewed. The resulting facies architecture of iron formations is documented in detail for the iron formations of the Ghaap-Chuniespoort Group and is identified as an often ignored key attribute that determines the distribution and composition of high-grade iron orebodies in iron formations.
The following series of papers deals with the different parts of the BIF-hosted iron mineral system, including the origin and timing of iron mineralization, structural control, hypogene alteration, mineralogy and microchemistry, and geochemistry of iron ore. The final paper of this section provides an application of numerical modeling to the genesis of iron ore. All of these papers have sections on exploration significance and future work.
De Kock et al. (2008) use the paleomagnetic method to estimate the timing of ore formation in two South African examples; their review presents a first attempt at a synopsis of hard high-grade hematite deposits within a temporal framework. At the center of this paper is the assessment of paleomagnetic data sets for the Thabazimbi and Sishen and/or Beeshoek deposits in South Africa. A new paleomagnetic dataset for the Thabazimbi deposit constrains the age of ore formation between 2054 and 1930 Ma, whereas previously published data from the Sishen-Beeshoek deposits highlight the association of those deposits with weathering preceding the development of a marked Paleoproterozoic-aged unconformity (2222-2060 Ma). The paleomagnetic results in both deposits are consistent with the supergene-modified hydrothermal and ancient supergene models for the Thabazimbi and Sishen-Beeshoek deposits, respectively. Dalstra and Rosière (2008) summarize the structural controls on high-grade iron ores hosted in BIF. They use several case studies in the Hamersley province in Western Australia and the Quadrilátero Ferrífero in Brazil to demonstrate how structures such as extensional faults, thrusts, and tight folds control fluid flow and the location of high-grade iron ore. The authors also highlight the effectiveness of syndeformational, differential pressure gradients across geologic structures to focus hypogene fluids into low-strain or dilational sites. Finally, the structural setting is found to have played a major role in the preservation of these deposits. This is best illustrated by preservation of iron orebodies in extensional grabens and karst structures. Such structures are particularly favorable, because faults usually caused downthrow of the mineralized zones and burial by younger sediments.
The hypogene alteration footprint associated with highgrade iron ore in different iron ore districts and deposits is summarized and compared by Lobato et al. (2008) . Similarities include similar paragenetic sequence of iron oxides, abundance of open-space fillings and replacement textures, lack of penetrative fabrics, and importance of porosity and brecciation to accommodate volume loss. Marked differences center on the role of carbonate alteration, the formation of silicate alteration phases such as stilpnomelane in BIF hosted by sedimentary basins, and chlorite, talc, white mica, and albite in basalt-hosted iron deposits or mafic dikes that are spatially and temporally associated with the transformation of BIF to high-grade iron ore.
The range of techniques used for the mineralogical and microchemical characterization of high-grade iron ore-hosted BIF is investigated by Ramanaidou et al. (2008) . Tools such as reflectance spectroscopy, X-ray diffraction, Raman spectroscopy, scanning electron microscopy, electron microprobe, and proton-induced X-ray emission analysis (PIXE) provide key physicochemical properties of the main iron ore minerals which in turn determine the grade of the deposits and their economic viability. Gutzmer et al. (2008) use detailed whole-rock geochemistry of BIF-hosted iron ore from a variety of deposits in South Africa, Brazil, and India to evaluate against the average composition of the BIF protolith to gather important trends of enrichment and depletion of major, minor, and trace elements. Their results show that, irrespective of deposit type, generally very similar distribution of major and minor elements is observed. The distinct enrichment of certain trace elements, on the other hand, holds the promise to establish geochemical fingerprints to distinguish high-grade iron ore deposit types of different origin-in particular, supergene high-grade hematite-martite ores.
This series of papers closes with a novel approach of numerical modeling applied to extension, heat, and fluid flow in the genesis of giant BIF-hosted iron ore deposits by McLellan and Oliver (2008) . Their modeling, with input parameters from the Hamersley district, shows that upward fluid flow of heated fluids can be achieved at the start of extensional deformation if deep fluid is overpressured. With time, however, the extension and topography drives cooler meteoric water downward, which competes with and then eventually swamps the initial upflow.
The next series of papers deals with new data, descriptions, and interpretations of the geology of significant high-grade BIF-related iron ore districts (e.g., Hamersley in Western Australia, Quadrilátero Ferrífero and Carajás in Brazil, various districts in India), the established large Sishen South iron ore deposit in South Africa, the new and currently developed large Pic de Fon iron ore deposit in the Republic of Guinea, and the old, currently dormant iron ore districts in North America.
The Hamersley province in Western Australia is host to a series of giant BIF-related high-grade iron ore deposits such as Mount Whaleback, Mount Tom Price, and Paraburdoo. Thorne et al. (2008) introduce the major iron ore types (martite-microplaty hematite and martite-goethite) and the major iron ore deposits. They also propose a novel three-stage geologic-hydrothermal fluid-flow model that explains the transformation of BIF to high-grade martite-microplaty hematite iron ore in the Hamersley province.
The Quadrilátero Ferrífero, or Iron Quadrangle, has long been and still is the world's premier iron ore producer. Rosière et al. (2008) review the general geology and introduce the major high-grade BIF iron ore deposits in the eastern and western domain of the Quadrilátero Ferrífero. Analyses of the major controls on high-grade iron deposits in the Quadrilátero Ferrífero reveal that the enrichment of iron in most of the large deposits is associated with a long-lived, polyphase deformation process with participation of both hypogene and supergene fluids. The deposits are controlled by low-strain or dilational sites of structures, such as tight fold hinge zones, but also by ductile shear zones.
The giant Carajás iron ore deposits in the northern part of Brazil are described by Figueiredo et al. (2008) . These deposits are hosted in metavolcanic-sedimentary sequence and the protoliths to iron mineralization are greenschist facies metamorphosed jaspilites and basalts. The model proposed here for the hypogene high-grade ores involves alteration and mineralization by early magmatic fluids that mixed in the ore zones with meteoric water that descended along fault and fracture zones. Mukhopadhyay et al. (2008) provide detailed information on major deposits and districts in India, including NoamundiKoira Valley, Bailadila-Dalli-Rajhara, Donimalai-Hospet, and Goa. Most of these are proposed to be part of the supergenemodified hydrothermal iron deposit class. The hard ores, which are rich in hematite and martite, are believed to have formed during early hypogene alteration events and been modified by subsequent intense (supergene) weathering. Alchin et al. (2008) use a detailed structural model of the Sishen South iron ore deposits for an integrated exploration approach. Structural interpretations indicate that iron mineralization was preserved from erosion by deep, semicircular, troughlike depressions, formed by the interference of the Kheis orogeny-related, north-trending F 2 synclines, Lomanian orogeny-related, east-northeast-trending F 3 synclines, and half grabens that formed adjacent to reactivated westdipping north-south-striking normal faults The concentration of thrust imbrication zones as well as folds within ore zones enhances the geophysical gravity signature and, therefore, can be used to distinguish priority target areas.
The new Pic de Fon iron oxide deposit at the southern end of the Simandou Range is described for the first time by Cope et al. (2008) . Two episodes of magnetite growth were followed by oxidation to martite and subsequent bladed microplaty hematite that replaced mesolayers of gangue. Detailed oxygen isotope analyses of quartz and hematite from nonenriched BIF and high-grade ore revealed that evolved meteoric water equilibrated with ore-stage hematite. Brown (2008) provides an historical account of high-grade iron ore mining in North America. His description of major ore types, structures, and alteration mineralogy includes the Vermillion Range and Cuyuna Ranges in Minnesota and the Marquette, Menominee, and Gogebic Ranges in Michigan and Wisconsin. A synthesis of the salient features of these districts reveals some similarities to Carajás-type iron mineralization as far as tectonic setting, lithostratigraphy, and structural controls are concerned, whereas other ranges that display a metamorphic overprint have similarities to the Quadrilátero Ferrífero in Brazil.
The last two papers deal with the advances in geophysics applied to the exploration for BIF-related high-grade iron ore and a review of iron exploration models and technology advances. Flis (2008) reviews the application of geophysical methods such as magnetic, gravity, radiometric, electrical, multispectral scanning, and seismic studies in the exploration for BIFrelated, high-grade iron ore. Advances in geophysics have direct application in the testing of hypotheses for ore genesis via detection of magnetite-rich protore BIF, fluid pathways, mapping of stripped silica, destroyed magnetic signatures via oxidation of magnetite to martite, and mapping of weathered sequences. Dalstra and Flis (2008) evaluate the past, current, and future role of exploration models and technological advances. They conclude that exploration models are currently shifting from supergene to hypogene, which has led to deeper drilling and discovery of significant additional resources in some areas. The new frontier in terms of exploration and research is concealed hematite deposits. New advanced geophysical techniques such as airborne gravity and airborne electrical methods, in combination with older technologies such as downhole gamma logging, provide the modern explorationist with the necessary tools to search for concealed orebodies.
A glossary lists key terms and their definitions used in the 16 papers that make up Reviews volume 15. The glossary is not a substitute for a geologic dictionary but aims to assist in providing a quick reference of important definitions used in the iron ore research, exploitation, and exploration.
In summary, this volume represents the first comprehensive summary of knowledge on high-grade BIF-related iron ores. We realize that it provides only a snapshot into current research and interpretations of high-grade BIF-related iron ore and iron deposits at the present time. More work needs to be done, but we hope that this volume will stimulate young and old professionals alike to start or continue investigating these truly unique ore deposits.
